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The Reduced Release Probability of Releasable
Vesicles during Recovery from Short-Term
Synaptic Depression
First, during a repetitive train of stimuli, each action
potential releases a constant fraction of the releasable
pool (i.e., F remains constant). Second, the pool is slowly
replenished during and after the repetitive stimulation
by a first order process, with a time constant of many
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seconds. The slow replenishment is consistent with theGermany
experimentally observed slow recovery from depression
and the rapid decline of release during the first few
action potentials in a train (Liley and North, 1953). TheSummary
model predicts, based on the slow time course of replen-
ishment, that release during high-frequency trains willRecovery from synaptic depression is believed to de-
decline to almost zero. At many synapses, however, thepend mainly on replenishment of the releasable pool
observed steady state depression induced by a train ofof vesicles. We observed that during recovery from
presynaptic action potentials is much less than pre-depression in a calyx-type synapse, part of the releas-
dicted by this model (Zucker, 1989; Van der Kloot andable pool was replenished rapidly. Half recovery oc-
MolgoÂ , 1994; Neher, 1998). This discrepancy led to sug-curred within 1 s, even in the absence of residual cal-
gestions to modify either the first or the second as-cium. Vesicles that had recently entered the releasable
sumption.pool had a 7- to 8-fold lower release probability than
Betz (1970) modified the first assumption by propos-those that had been in the pool for more than 30 s.
ing that F is not constant, but decreases in proportionThese results suggest that the reduction in the release
to the decrease in RPS during a train of stimuli. Thisprobability of releasable vesicles contributes greatly
modification predicts that depletion of the RPS requiresto the level of depression. How synapses maintain
a larger number of action potentials than would the sim-transmission during repetitive firing is in debate. We
ple depletion model. This may account in part for thepropose that during repetitive firing, accumulation of
observed sustained release that follows the rapid de-intracellular Ca21 may facilitate release of the rapidly
cline of release during the first few action potentials inreplenished but reluctant vesicles, making them avail-
a train (Betz, 1970). In his study, however, he measuredable for sustaining synaptic transmission.
only Ra, but not F or RPS directly. Whether the decrease
of release probability of releasable vesicles contributes
to depression remains unsettled, because it was notIntroduction
possible to directly measure F and RPS in most other
synapses as well. Attempts to use quantal analysis toRapid repetitive nerve firing leads to a temporary de-
study this question were hindered by the uncertainty increase in synaptic strength in many synapses of the
the physical meaning of the binomial parameters n andnervous system (reviewed in Zucker, 1989; Van der Kloot
p (reviewed by Zucker, 1989; Van der Kloot and MolgoÂ ,and MolgoÂ , 1994; Neher, 1998). This short-term synaptic
1994).depression may have important computational conse-
Kusano and Landau (1975) modified the second as-quences for circuit function, such as the balance be-
sumption of the simple depletion model by proposingtween excitation and inhibition in neuronal networks
that the rate of replenishment is not constant, but activity(Thomson et al., 1993; Markram and Tsodyks, 1996; Ab-
dependent. A candidate for accelerating replenishmentbott et al., 1997; Galarreta and Hestrin, 1998; Reyes et
in nerve terminals is the increase in volume-averagedal., 1998). However, the mechanisms underlying synap-
intracellular Ca21 concentration ([Ca21]i) during repeti-tic depression are still not well understood.
tive stimulation, analogous to the stimulatory effect ofAbout half a century ago, Liley and North (1953) pro-
increases in [Ca21]i on the mobilization of large, dense-posed a model, which we will call the simple depletion
cored vesicles in neuroendocrine cells (reviewed bymodel, that accounts for many aspects of depression.
Neher, 1998). Recently, it was found that rapid recoveryIn this model, the release evoked by an action potential
of the action potential±evoked release (Ra) following(Ra) is proportional to both the size of the releasable
high-frequency stimulation depends on the presence ofpool (RPS, the pool of vesicles that are immediately
residual [Ca21]i (Dittman and Regehr, 1998; Wang andavailable for release) and the fraction (F) of this pool
Kaczmarek, 1998). This result suggests that replen-that is released by the action potential:
ishment is directly stimulated by an increase in [Ca21]i.
Ra 5 RPS * F. (Equation 1) However, this conclusion depends on the assumption
that F is constant.
Two major assumptions were made in this model. Although the two modifications to the simple deple-
tion model may account for most aspects of depression,
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Figure 1. EPSCs and Presynaptic Ca21 Cur-
rents Evoked by Presynaptic Step Depolar-
ization
In most figures in this paper, unless specified
otherwise, the top traces show the presynap-
tic voltage protocol (V), the middle traces, the
presynaptic Ca21 current (ICa), and the lower
traces, the corresponding EPSCs from the
same synapse. Traces are shown without av-
eraging.
(A) ICa induced by 2, 10, and 30 ms steps to
0 mV and the corresponding EPSCs. Note
similarity between EPSCs evoked by 10 and
30 ms steps.
(B) In the presence of 10 mM kynurenate, the
presynaptic ICa induced by 10 and 30 ms steps
to 0 mV again evoked similar EPSCs. Scale
bars in (A) also apply to (B). (A) and (B) are
from different synapses.
in the rat brainstem. We tested whether F changes dur- to what was observed during 2 ms steps (Borst and
Sakmann, 1998b), the large presynaptic Ca21 tail currenting depression and whether rapid replenishment is Ca21
dependent. We found that F is significantly reduced in at the end of the 10 ms step did not result in a further
increase of the EPSC (Figure 1A). The EPSC evoked bya depressed synapse and that there is a rapid replen-
ishment mechanism that appears to be independent of the 10 ms step was maximal, because steps of 20 or
30 ms to 0 mV did not evoke any additional postsynaptic[Ca21]i.
current (n 5 8; Figure 1A).
To rule out the possibility that the 30 ms step couldResults
not elicit a larger response because glutamate receptors
were already saturated during the large EPSCs (SilverSimultaneous voltage clamp recordings from a giant
presynaptic terminal, the calyx of Held, and its associ- et al., 1996), the experiments illustrated in Figure 1A
were repeated in the presence of the rapidly dissociatingated principal cell were made in the MNTB in rat brain-
stem slices. Ca21 currents were pharmacologically iso- AMPA receptor antagonist kynurenate (10 mM). Kynure-
nate reduced the peak amplitude of the EPSCstep tolated, and the calyx was voltage clamped with either
action potential waveforms (APWs) or voltage steps. 22.8 6 0.7 nA (n 5 4; Figure 1B). Since kynurenate
dissociates fast enough from the receptor to be replacedRelease was determined from the amplitude of the gluta-
matergic excitatory postsynaptic current (EPSC) recorded by the brief pulse of glutamate that gives rise to an
EPSC (Diamond and Jahr, 1997), enough receptors werefrom the principal cells. NMDA currents were blocked
with D-APV (50 mM). To minimize postsynaptic AMPA- available to detect release in the presence of the com-
petitive antagonist. Nevertheless, a 30 ms step againtype glutamate receptor desensitization (Trussell et al.,
1993; Yamada and Tang, 1993), cyclothiazide (CTZ, 100 did not elicit a larger EPSC than a 10 ms step (n 5 3;
Figure 1B), arguing against saturation of postsynapticmM) was included in all but a few experiments.
receptors during the steps. In brief, these results (Figure
1) suggest that a 10 ms step to 0 mV was sufficient toA Brief Presynaptic Depolarization Depletes
the Releasable Vesicle Pool entirely deplete the pool of releasable vesicles and that
no recovery took place in the first 20 ms followingA voltage clamp step depolarization can be used to fully
or partially deplete the releasable pool in the terminal depletion.
Since release is normally triggered by action poten-of the goldfish retinal bipolar cell and in neuroendocrine
cells. In these experiments, release was measured by tials, we tested whether the step depolarization and a
train of action potentials release the same pool of vesi-monitoring membrane capacitance (Neher, 1998). We
tested whether a brief presynaptic step depolarization cles. If the step was followed 10 ms later by a 300 Hz
train of identical APWs, the APWs evoked little additionaldepleted the releasable pool and if the EPSC evoked
by such a protocol can be used as a measure for RPS EPSC (n 5 4; Figure 2A). At these same synapses, the
high-frequency train of APWs, by itself, evoked a trainin the MNTB synapse. A 10 ms step depolarization of
the calyx to 0 mV from the holding potential of 280 mV of EPSCs whose amplitudes rapidly decreased (Figure
2B). The amplitudes of the EPSCs evoked after the 15thinduced a large postsynaptic current (EPSCstep), with a
peak amplitude of 211.8 6 1.1 nA (n 5 17; e.g., Figure APW were negligibly small. A step depolarization 10 ms
following the train of APWs evoked little additional EPSC1A). During the 10 ms depolarization, the peak of the
EPSCstep occurred before the end of the step. In contrast (n 5 4; Figure 2B). The amplitude of the EPSC evoked
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Figure 2. A Step Depolarization and a Train
of High-Frequency APWs Evoked Release
from the Same Pool
(A) EPSC and Ca21 current evoked by a 10
ms presynaptic step to 0 mV, followed after
10 ms by a 300 Hz train of 30 APW commands.
(B) EPSC and Ca21 current evoked by a 300
Hz train of 30 APW commands, followed after
10 ms by a 10 ms step to 0 mV.
(C) EPSC evoked by a 300 Hz train of 30 APW
commands and the averaged miniature EPSC
(inset) from the same synapse. The trace in
the inset was averaged from 12 miniature
EPSCs aligned to the onset, as judged by
eye. The arrow points to one of the prespikes,
the capacitively coupled presynaptic APW
command.
by the step following the train of APWs was less than APWs evoked release before depletion and during re-
covery from depletion. The ratio between the amplitudes5% (n 5 4) of that induced by the step alone. Similarly,
the summed amplitude of the EPSC evoked by the APW of the two EPSCstep was used to estimate the fractional
recovery of RPS following depletion. The ratio betweentrain following the step was less than 5% (n 5 4) of that
induced by the APW train alone. Furthermore, the charge the two EPSCAPW was used to estimate the fractional
recovery of Ra following depletion. The relative change(integrated for 500 ms) of the EPSC induced by the step
followed by the train of APWs was 105% 6 4% (n 5 4) of F was then calculated, based on Equation 2 (see
the Experimental Procedures). The interval between twoof that induced by the train of APWs followed by the
step. These results suggest that the step depolarization APW step combinations varied from 50 ms to 60 s. After
an interval of 50 ms, the EPSC evoked by the secondand the high-frequency train of APWs depleted the same
pool of vesicles. We defined this pool as the releasable step was already 7% 6 1% of the first step (n 5 3;
Figure 3A, lower trace), suggesting that pool refillingpool. Its size (RPS) was 590 6 75 vesicles (n 5 5 syn-
apses), estimated by dividing the summed amplitude of was initiated between 20 ms (Figure 1) and 50 ms after
depletion. With an interval of 1 s, the amplitude of thethe EPSC evoked by the first 15 APWs during the train
by the average amplitude of the miniature EPSCs from second EPSCstep increased to 53% 6 5% of the first
EPSCstep (n 5 10; e.g., Figure 4A), but full recovery tookthe same synapse (e.g., Figure 2C). The fraction (F) of
the releasable pool that was released by a single APW more than 15 s (Figure 5A, circles). Recovery of the
EPSCstep amplitude was described with the sum of tworanged between 5%±30% (15% 6 3%, n 5 7 synapses).
exponential functions with time constants of 0.2 s and
7.2 s, respectively (Figure 5A). The fast exponential func-Decrease of F and RPS during Recovery
from Depression tion contributed 46% to the total. The APW in the APW
step command did not affect measurement of the poolTo measure the relative change in F and RPS during
recovery from depression, we employed a stimulus pro- size, since 1 s after depletion, a similar recovery of the
EPSCstep was observed in the absence of the precedingtocol with double pulses, both of which consisted of an
APW, followed after a brief delay by a 10 ms step to 0 APW (n 5 3; data not shown).
Interestingly, the amplitude of the EPSC evoked bymV (APW step [e.g., upper trace in Figures 3A and 4A]).
The first step depleted the releasable pool, while the the APW (EPSCAPW) recovered much more slowly than
that of the EPSCstep (Figure 5A). For example, after 1 s,second step was used to assess its recovery. The two
Neuron
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Figure 3. Rapid Replenishment of the Re-
leasable Pool
(A) The EPSC and the Ca21 current evoked
by two APW step combinations with a 50 ms
interval. The two boxes indicate the baseline
current (I) and the clearly detectable EPSC
evoked by the second step (II).
(B) The current traces in boxes I and II in (A)
displayed in greater detail. The arrows indi-
cate quantal-like events with a rise time much
less than that of the whole EPSC. The scale
bars apply to both traces.
the EPSCAPW had recovered to only 7% 6 2% of the dependence of release on the presynaptic Ca21 influx
(Wu et al., 1998), the observed maximal decrease in thesize of the first EPSCAPW (n 5 10; Figure 4B; Figure 5A,
triangles), whereas the EPSCstep recovered to 53% 6 ICa,APW would be expected to reduce F to 60% of the
value before depletion, whereas the observed F could5% (Figure 4C; Figure 5A, circles). The recovery of the
amplitude of the EPSCAPW was fit with a single exponen- be as low as 13% of the value before depletion (Figure
5B). A power dependence of more than 12 is required totial function with a time constant of 13.4 s (Figure 5A).
This is somewhat slower than reported previously for fully account for the observed decrease in F. Therefore,
most of the decrease in F following depletion wasthe same synapse (von Gersdorff et al., 1997; Wang and
Kaczmarek, 1998), possibly because of the difference caused by mechanisms downstream of Ca21 influx.
The kinetics of the EPSC that was evoked by a stepin the experimental procedures used to induce de-
pression. to 0 mV provide information about the time it takes to
deplete the releasable pool. Changes in F are thereforeThe relative change in F during the second APW step,
as compared to the first APW step, was obtained from expected to result in changes in the kinetics of the EPS-
Cstep. Consistent with the observed decrease in F follow-Equation 2 (the Experimental Procedures). F measured
at 50 ms after depletion was 46% 6 8% (n 5 3) of the ing depletion, the kinetics of the second EPSCstep were
clearly slower than those of the first. For example, aftervalue before depletion; it decreased to 13% 6 4% (n 5
10) of control at 1 s after depletion, then gradually in- 1 s, the rise time of the EPSC evoked by the second
step increased to 204% 6 15%, and its onset occurredcreased to the value before depletion in about 30 s
(Figure 5B). The larger value of the relative F at 50 ms 0.4 6 0.1 ms later (n 5 10; Figures 4C; Figures 5D and
5E). The slower kinetics of the second EPSCstep wereafter depletion, as compared to that 1 s after depletion,
may be a consequence of an increase of release proba- unlikely to be caused by a decrease in the Ca21 current
because Ca21 currents evoked by the step decreasedbility by residual Ca21 (Zucker, 1989) and of the increase
in the Ca21 current evoked by the APW (see below). by less than 10% (Figure 4C; Figure 5C, circles).
To further rule out the possibility that the small de-
crease in the Ca21 current caused the slower kineticsMechanisms Underlying the Decrease
of the Release Probability of the second EPSCstep, we studied how a change in the
Ca21 current amplitude affected the kinetics of the EPSCWe tested whether the decrease in F was caused by
inactivation of presynaptic Ca21 currents (Forsythe et evoked by a single step protocol. The single step was
repeated at intervals of more than 2 min to allow foral., 1998) and/or by a mechanism downstream of the
Ca21 influx. The possible contribution of Ca21 current complete recovery from depression. Steps to voltages
between 0 and 130 mV induced Ca21 currents with simi-inactivation was studied by measuring the changes in
calcium current during depression. The Ca21 current lar rising phases but different amplitudes (Figure 6A,
middle panel). Different steps induced EPSCs with simi-evoked by the APW (ICa,APW) changed by less than 20%
following the first step to deplete the releasable pool. lar amplitude and charge (Figure 6A, lower left; Figure
6B, triangles and squares). However, larger Ca21 cur-At 50 ms after depletion, ICa,APW was facilitated to 109% 6
5% (n 5 3; Figure 5C, triangles), as a result of faster rents evoked EPSCs with a faster onset and a faster
rising phase (Figure 6A, lower right), as previously ob-opening of the Ca21 channels (Borst and Sakmann,
1998b; Cuttle et al., 1998). At longer intervals after deple- served in the squid giant synapse (LlinaÂ s et al., 1981;
Augustine et al., 1985). At 0 mV, the 20%±80% rise timetion, ICa,APW decreased to a minimum of 85% 6 2% (n 5
10) at 1 s (Figure 5C, triangles). Assuming a third power of the EPSCstep was 1.1 6 0.1 ms (n 5 17) and the delay
Synaptic Depression at a Fast Central Synapse
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Figure 4. Measurement of Release Evoked by an APW and by a Step before and 1 s after Depletion
(A) The EPSC and the Ca21 current evoked by the first and the second APW step with 1 s interval in the presence of 100 mM CTZ.
(B and C) Comparison of currents evoked by the first (solid) and the second (dotted) APW (B) or step (C) from data in (A). To compare the
rise time of EPSCs, the dotted trace in the lower panel were scaled to the same peak amplitude as the solid trace (dash, labeled as 2nd,
scaled). The arrow in (D) indicates the increase in the delay of the onset of the second EPSCstep, as compared to the first EPSCstep.
(D) Data obtained with the same protocol as in (A), but in the absence of CTZ. Note data in (D) and (A) are from different synapses.
(E and F) Comparison of currents evoked by the first (solid) and the second (dotted) APW (E) or step (F) from data in (D).
between the step and the onset of the EPSCstep was 1.4 6 and the amplitude of the Ca21 current shown in Figure
6B, the observed change in the rise time and the onset0.1 ms (n 5 17; e.g., Figure 6A, lower right), whereas at
130 mV the rise time was 240% 6 26% of that at 0 mV of the EPSCstep at 1 s after depletion would require a
reduction of the Ca21 current by about half. However,(Figure 6A, lower right; Figure 6B, open circles) and the
onset was delayed by a further 1.0 6 0.1 ms (n 5 4; less than a 10% decrease of the Ca21 current was actu-
ally observed during depression (Figure 5C, circles).Figure 6A, lower right; Figure 6B, solid circles) in the
same synapse. These results show that smaller Ca21 These results suggest that the slower kinetics of the
EPSCstep during depression are mostly caused by mech-currents deplete the releasable pool more slowly. Based
on the relationship between the kinetics of the EPSCstep anisms downstream of Ca21 influx.
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Figure 5. Lower Release Probability of Re-
leasable Vesicles during Recovery from De-
pression
Data were obtained using two APW steps
with various intervals as shown in Figures 3A
and 4A. Data were normalized to the corre-
sponding values obtained for the first APW
step and plotted versus the time after the
first step, which depleted the releasable pool.
Each data point was obtained from three to
ten synapses.
(A) Amplitude of the EPSCstep (circles) and
EPSCAPW (triangles) against time (0.05, 0.2, 1,
5, 15, 30, 60 s) following depletion of the re-
leasable pool. Recovery of the EPSCstep am-
plitude was fit with the sum of two exponen-
tial functions with time constants of 0.2 s and
7.2 s, respectively. The fast exponential func-
tion contributed 46% to the total. The recov-
ery of the EPSCAPW amplitude was fitted with
a single exponential function with a time con-
stant of 13.4 s.
(B) The relative change in F following deple-
tion, calculated as the ratio between the nor-
malized amplitude of the EPSCAPW and the
EPSCstep, shown in (A).
(C) The amplitudes of ICa,step (circles) and ICa,APW
(triangles) versus the time after depletion.
(D and E) Relative rise time ([D], % of control)
and change in delay of the onset (E) of the
EPSCstep versus the time following depletion.
Could the slower kinetics of the EPSCstep during de- synaptic depression in the MNTB is predominantly pre-
synaptic (von Gersdorff et al., 1997; Wang and Kacz-pression be caused by slower kinetics of quantal EPSCs,
for example due to slower release of the contents of marek, 1998). In addition, qualitatively similar results
during the APW step protocol were obtained in the ab-each individual vesicle? This possibility is unlikely be-
cause the 20%±80% rise time of the EPSCAPW during sence or the presence of kynurenate (10 mM) extracellu-
larly (data not shown).depression was rapid (,0.2 ms) and similar to that be-
fore depression (Figure 4B, lower panel). Furthermore, In conclusion, the average release probability of re-
leasable vesicles was lower during synaptic depression.at 50±200 ms after depletion, quantized fluctuations
could be observed during the rise phase of the EPSCstep This was caused, to a small part, by inactivation of Ca21
currents and, to a large part, by mechanisms down-(Figure 3B, arrows). These fluctuations were larger than
the baseline noise (Figure 3B, left). The rise time of these stream of Ca21 influx.
fluctuations was much faster (,0.2 ms) than the rise
time of the EPSCstep (Figure 3B, right). Thus, the slower Replenishment Is Independent of Residual Ca21
We have shown that the time course of recovery fromkinetics of the EPSCstep during depression are most likely
due to less synchronous release of vesicles during the depression is determined by both the change of the
release probability of vesicles in the releasable pool andstep.
Since CTZ may have effects other than blocking de- its rate of replenishment (Figures 5A and 5B). It has
been suggested that the rate of replenishment may besensitization, for example, on transmitter release (Barnes-
Davies and Forsythe, 1995; Diamond and Jahr, 1995), accelerated by the increase of the intracellular Ca21 con-
centration (LlinaÂ s et al., 1991; Mennerick and Matthews,we repeated some of the experiments in the absence
of CTZ. In the absence of CTZ, the recovery of the EPS- 1996; Dittman and Regehr, 1998; Stevens and Wesse-
ling, 1998; Wang and Kaczmarek, 1998). We thereforeCAPW and the EPSCstep after 0.2 s (n 5 2; data not shown)
or 1 s (n 5 3; Figures 4D±4F) were similar to the recovery tested if replenishment was slower when the residual
Ca21 was buffered by EGTA.that was obtained in the presence of CTZ (Table 1). The
relative change of F at 1 s after depletion, as calculated Under control conditions, the volume-averaged [Ca21]i
induced by a 10 ms step peaked at less than 1 mM withfrom Equation 2, was similar in the presence (n 5 10)
or the absence (n 5 3) of CTZ (t test, p . 0.4). These a half-decay time of less than 200 ms (n 5 7; Figure 7A,
left), whereas when the terminal was dialyzed with 10results are in agreement with earlier suggestions that
Synaptic Depression at a Fast Central Synapse
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Figure 6. Relation between Ca21 Current Am-
plitude and Release Kinetics
(A) Steps of 50 ms to 0, 120, and 130 mV
(upper) elicited presynaptic ICa (middle) with
decreasing amplitudes, which evoked EPSCs
(lower) with similar amplitudes and charge in-
tegrals (left), but with different onset and rise
time (right, same traces at higher time resolu-
tion). The arrow indicates an increase of the
EPSC after the end of the 50 ms step to 0
mV, probably due to release of the newly re-
plenished vesicles by residual Ca21.
(B) Rise time (open circles), charge (squares,
1 s integral), amplitude (triangles), and rela-
tive delay of the onset (solid circles) of the
EPSCstep versus the amplitude of the presyn-
aptic ICa induced by 20±50 ms steps to 0, 110,
120, and 130 mV (from right to left). Data
were normalized to the values obtained at 0
mV from the same synapse (n 5 4±6).
mM EGTA the residual [Ca21]i was effectively eliminated significantly increased (Table 1), the relative delay of the
onset of the second EPSCstep appeared to be longer(n 5 4; Figure 7A, right). In the presence of EGTA in the
terminal, the EPSCAPW was reduced to about 30% of the (Table 1), and the recovery of the second EPSCAPW ap-
peared to be smaller (Figure 7C; Table 1). These resultsvalue obtained in the absence of EGTA, in agreement
with earlier results (Borst and Sakmann, 1996). The rise are consistent with the possibility that EGTA abolished
the facilitatory effect of residual Ca21 on the releasetime of the EPSCstep (1.8 6 0.3 ms, n 5 7) in the presence
of EGTA was about 2-fold longer than the control (0.9 6 probability of releasable vesicles.
0.1 ms, n 5 17), but the amplitude of the EPSCstep did
not change significantly (cf., Figure 4A and Figure 7B), Discussion
suggesting that EGTA did not affect the releasable pool
size (Adler et al., 1991; Borst and Sakmann, 1996). In Depletion of the Releasable Pool by a 10 ms
Step Depolarizationthe presence of EGTA, at 1 s following depletion (Figure
7B), the EPSCstep (Figure 7D) had recovered to a similar By simultaneously voltage clamping both the presynap-
tic terminal and the postsynaptic neuron in a singlefraction as in the absence of EGTA (Table 1), suggesting
that replenishment is independent of residual Ca21. MNTB synapse, we found that a 10 ms step depolariza-
tion to 0 mV at the terminal evoked an EPSC that wasCompared to the results obtained in the absence of
EGTA, the relative rise time of the second EPSCstep was as large as the EPSC evoked by a 30 ms step. This
Table 1. The Effect of CTZ and EGTA on Depression
EPSCAPW EPSCstep
Amp2/Amp1 Amp2/Amp1 Risetime2/Risetime1 Delay2-Delay1
Ctrl (10) 7% 6 2% 53% 6 5% 204% 6 15% 0.4 6 0.1 ms
No CTZ (3) 4% 6 2% 44% 6 11% 249% 6 36% 0.5 6 0.1 ms
EGTA (3) 4% 6 2% 63% 6 5% 264% 6 24%* 0.6 6 0.2 ms
Comparison of results obtained during a double APW step protocol (1 s interval) under three conditions: (1) in the presence of 100 mM CTZ
extracellularly (Ctrl), (2) in the absence of CTZ (No CTZ), and (3) condition 1, but with 10 mM EGTA in the terminal (EGTA). The EPSC amplitude
(Amp), the rise time (Risetime) and the delay of the onset (Delay) during the second APW step are shown relative to the same parameters
during the first APW step. The number of synapses measured are shown between parentheses. The * indicates a significant change (p ,
0.05, t test) as compared to the control condition.
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Figure 7. Replenishment in the Absence of Residual Ca21
(A) The presynaptic Ca21 current (upper) and the volume-averaged [Ca21]i (lower) evoked by a step depolarization (left, 10 ms; right, 20 ms)
to 0 mV in the absence (left) or the presence (right) of 10 mM EGTA in the terminal. Data on the left and the right are from different terminals.
Recordings of [Ca21]i were low-pass filtered at 30 Hz, which slowed down the recorded kinetics of the Ca21 transient.
(B) The EPSC and the presynaptic Ca21 current evoked by the first and the second APW steps with 1 s interval in the presence of 10 mM
EGTA inside the terminal.
(C and D) Comparison of currents evoked by the first (solid) and the second (dotted) APW (C) or step (D) from data in (B).
result was not caused by desensitization or saturation Because the step depolarization depleted the releas-
able pool in less than 10 ms, replenishment during theof postsynaptic AMPA receptors, suggesting that re-
lease of the releasable pool was complete during the step can be neglected for the measurement of RPS.
This is of advantage compared to other methods, suchstep depolarization (Figure 1). The step depolarization
and a high-frequency (300 Hz) train of APWs evoked as application of high concentrations of sucrose (Ste-
vens and Tsujimoto, 1995) or potassium (Liu and Tsien,release from the same pool of vesicles (Figure 2). Al-
though an alternative mechanism in which the release 1995), which require a much longer time (e.g., 0.5 s) to
deplete the releasable pool and must rely on ways toprocess inactivates the release sites (del Castillo and
Katz, 1954; Bennett and Robinson, 1990; Stevens and correct for replenishment (and release of replenished
vesicles) during the application period. An additionalTsujimoto, 1995) could not be fully excluded, we con-
sider depletion of the releasable pool to be the most advantage of using a step in the MNTB synapse is that
the time of onset and the rise time of the EPSCs evokedlikely mechanism (Zucker, 1989; Van der Kloot and MolgoÂ ,
1994; Neher, 1998). This is in agreement with previous by the step can be used to indicate how reluctantly
vesicles are released.suggestions for this synapse (von Gersdorff et al., 1997;
Wang and Kaczmarek, 1998). In goldfish retinal bipolar We used a double APW step protocol to study the
recovery of the releasable pool following depletion (e.g.,terminals and chick retinal amacrine cells, a pool of
releasable vesicles can also be depleted by a step depo- Figure 3A). In the squid giant synapse, exposure to high
concentrations of Ca21 may, in tens of milliseconds, leadlarization of less than 10 ms (Borges et al., 1995; Menner-
ick and Matthews, 1996). We defined the pool that was to adaptation of the Ca21 sensor that triggers release
(Hsu et al., 1996). Such an adaptation is unlikely to contrib-released by the 10 ms step to 0 mV or by a train of
APW at 300 Hz as the releasable pool. Its size was ute to the decrease of the EPSCstep during the double
APW step protocol, because the decrease of the EPSCstepapproximately 600 vesicles. The probability that a vesi-
cle from this pool was released by an APW ranged from during the double APW step protocol was similar in
the presence and in the absence of intracellular EGTA,5%±30% under control conditions. Our estimates for F
and RPS agree with those of Schneggenburger et al. which effectively limited the residual [Ca21]i (Figure 7).
Furthermore, the volume-averaged [Ca21]i induced by a(1999).
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step peaked at less than 1 mM with a half-decay time of Ca21 (Adler et al., 1991; Yamada and Zucker, 1992;
Borst and Sakmann, 1996). Since diffusion apparentlyof less than 200 ms (Figure 7A, left). This concentration
is much smaller than that used to elicit adaptation in constitutes a small portion of the total delay during nor-
mal synaptic transmission, changes in the diffusionalthe squid giant synapse (Hsu et al., 1996).
distance of calcium ions are not expected to be detect-
able during normal synaptic transmission.Decrease of the Release Probability
The domains of many Ca21 channels overlap at releaseduring Replenishment
sites in the calyx of Held of the MNTB (reviewed in BorstBy measuring release evoked by an APW immediately
and Sakmann, 1999). This suggests that the releasebefore measuring RPS, we found that an APW released
probability is relatively independent of the vesicle'sa much smaller fraction of the releasable pool during
docking site at the active zone. Possibly, the Ca21 sensi-recovery from depression than during the control period
tivity of the vesicles in the releasable pool is more impor-(Figure 5). At the same time, the rise time and the onset
tant than their precise location at the active zone. Aof the EPSCstep were slowed. These results were consis-
clear example of heterogeneity in the Ca21 sensitivity oftently observed under several conditions: in the absence
different vesicles has indeed been observed in sea ur-or presence of CTZ, kynurenic acid, and EGTA. These
chin eggs (Blank et al., 1998). Therefore, although ourresults indicated that the average release probability of
present data do not allow us to exclude the hypothesisvesicles in the releasable pool is lower during synaptic
that the reluctant vesicles are further away from opendepression. As a result, the time course of recovery from
Ca21 channels during depression, we favor the hypothe-depression is determined by both the rate of replen-
sis that the reluctant vesicles have a lower Ca21 sensi-ishment of the releasable pool and the rate at which the
tivity.release probability of the releasable vesicles returns to
the level before depression.
Whether inactivation of Ca21 currents contributes to Rapid Replenishment and Ca21-Independent
Replenishmentdepression is still under debate and may depend on the
frequency and duration of stimulation (Charlton et al., We showed, in contrast to earlier suggestions (Dittman
and Regehr, 1998; Wang and Kaczmarek, 1998), that1982; von Gersdorff and Matthews, 1997; Forsythe et
al., 1998). In our experiments, inactivation of presynaptic part of the releasable pool recovered rapidly in the ab-
sence of residual Ca21 during recovery from depression.Ca21 currents made only a small contribution to the
decrease in F. The lower average release probability The difference in the methods used to estimate recovery
of the releasable pool may offer a possible explanationof releasable vesicles during recovery from depression
was largely caused by mechanisms downstream of the for this discrepancy. Although we cannot exclude that
the dialysis of the terminal in our experiments contrib-Ca21 influx. The average release probability of the releas-
able vesicles returned to the level before depression in uted to the observed differences, we think that the differ-
ence in the methods used to estimate RPS was moreabout 30 s.
Why was the release probability of recently recruited important. We measured the releasable pool size using
a step depolarization, whereas in earlier studies RPSreleasable vesicles lower? Here, we consider two possi-
bilities. First, these vesicles may initially be further away was indirectly estimated from the release evoked by a
single action potential (Ra). Because of the difficulty infrom open Ca21 channels. Second, the Ca21 sensitivity
of these vesicles may initially be lower. In the first case, measuring the releasable pool size in these two earlier
studies (Dittman and Regehr, 1998; Wang and Kacz-the rise time of the EPSCstep following depletion would
be slower because it would take longer to build up Ca21 marek, 1998) and in many other previous studies (re-
viewed in Zucker, 1989), it has often been assumed thatfor triggering release of the newly replenished, more
distant, vesicles. In that case, the slow time course of F is constant. Assuming this, the releasable pool size is
then proportional to the release evoked by a single ac-recovery of the amplitude of the EPSCAPW, as compared
to that of the EPSCstep (Figure 5A), may reflect the slow tion potential (Equation 1) (Zucker, 1989; Dittman and
Regehr, 1998; Wang and Kaczmarek, 1998). However,decrease in the average diffusional distance between
the releasable vesicles and the Ca21 channels after vesi- F may not be constant, since there is evidence that it
increases during facilitation (Katz and Miledi, 1968) andcle replenishment. In the second case, the lower Ca21
sensitivity of the newly replenished vesicles and the augmentation (Zucker, 1989; Stevens and Wesseling,
1999). Furthermore, we show here that F decreases dur-slow increase of the average Ca21 sensitivity after re-
plenishment may account for the observed changes fol- ing depression. When the indirect method is used to
estimate the releasable pool size, an increase in F duringlowing depletion.
The lack of a change in the time course of the EPSCAPW facilitation or augmentation shortly after a train of stimuli
will lead to an overestimate of the rate of replenishment,(Figure 4B) does not allow discrimination between these
two schemes. In general, the time course of release whereas a decrease in F during synaptic depression will
lead to an underestimate of the rate of replenishment.evoked by an action potential is largely independent of
the amount of Ca21 influx or the intracellular concentra- In our experiments, the summed response to multiple
action potentials (Figure 2C) provided a better estimatetion of exogenous Ca21 buffers (Hochner et al., 1991;
Van der Kloot and MolgoÂ , 1994; Diamond and Jahr, 1995; of RPS than a single action potential.
Recently, by measuring RPS with application of hyper-Isaacson and Walmsley, 1995; Borst and Sakmann,
1996). This result suggests that diffusion and binding of tonic solution, it was found that replenishment with a
time constant of about 3 s in the control conditions wasCa21 to its sensor that triggers release take up much
less time than the processes downstream of the binding increased to about 6 s when residual Ca21 was limited
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95% O2 and 5% CO2. Postsynaptic NMDA currents were blockedby intracellular EGTA (Stevens and Wesseling, 1998).
with D-2-amino-5-phosphonovalerate (D-APV, 50 mM). Unless spec-This result is different from that obtained in the squid
ified otherwise, cyclothiazide (CTZ; 100 mM; RBI, Natick, MA) wasgiant synapse, in which the slow time constant of recov-
added to the bath solution.
ery from depression is not changed when residual Ca21 Presynaptic pipette (4±6 MV) solution contained (in mM): 125 Cs-
is buffered by EGTA (Swandulla et al., 1991). It is not gluconate, 20 CsCl, 4 MgATP, 10 Na22phosphocreatine, 0.3 GTP,
10 HEPES, 0.05 fura-2 (Molecular Probes, Eugene, OR) or BAPTAclear whether the slower component of replenishment
(pH 7.2, adjusted with CsOH). In the presence of 10 mM EGTA, thecan be accelerated by an increase of [Ca21]i in the MNTB
Cs-gluconate concentration was reduced to 115 mM. The postsyn-synapse, because we compared only the rapid compo-
aptic pipette (1.5±3 MV) contained a similar solution to the presynap-nent of replenishment (at 1 s following depletion) in the
tic pipette, but with Cs1 replaced by K1 and 0.5 EGTA as the Ca21
presence and the absence of residual Ca21. buffer. The series resistance compensation for pre- (,30 MV) and
postsynaptic (,15 MV) recordings was set to 90% and 98% (lag
10 ms), respectively. In presynaptic recordings, prediction was setA New Model to Account for Maintained Synaptic
to 60%. Terminals (calyces of Held) with a capacitance of less thanRelease during Repetitive Firing
35 pF were selected to improve spatial clamp (Borst and Sakmann,
In many synapses, including the MNTB (von Gersdorff 1998a). Holding potential was 280 mV for both the pre- and the
et al., 1997), the amount of depression observed during postsynaptic recordings. Voltage clamping terminals with action
potential waveform commands was done as described previouslya train of stimuli is much less than one would expect,
(Borst and Sakmann, 1996). Presynaptic steps were to 0 mV, unlessbased on the slow recovery from depression following
noted otherwise. The interval between two stimulation protocolsthe train (measured as release evoked by single action
was at least 2 min to allow for full recovery. Data showing a clearpotentials) (Zucker, 1989; Van der Kloot and MolgoÂ ,
rundown of the EPSCs between stimulation protocols were dis-
1994; Neher, 1998). This discrepancy, which cannot be carded. Currents were low-pass filtered at 5 kHz and digitized at
accounted for by the simple depletion model (Liley and 20±50 kHz with a 16 bit analog-to-digital converter (Instrutech,
Greatneck, NY). Data are expressed as mean 6 SEM.North, 1953), has led to several extensions to this model.
It has been suggested that the increase in residual Ca21
during stimulation directly accelerates mobilization of Optical Recordings
Presynaptic [Ca21]i was measured as described in Wu et al. (1998).vesicles into the releasable pool to sustain release (Lli-
Briefly, the optical recording system comprised an upright epifluo-naÂ s et al., 1991; Mennerick and Matthews, 1996; Dittman
rescence microscope (Axioskop, Achroplan 403, n.a. 0.75, Zeiss),and Regehr, 1998; Stevens and Wesseling, 1998; Wang
equipped with a polychromatic illumination system (T. I. L. L. Pho-
and Kaczmarek, 1998). In contrast, we found that a large tonics, Munich, Germany), a dichroic mirror (400 nm), a long pass
fraction of the pool is replenished rapidly both in the (415 nm) emission filter, and two photodiodes (Hamamatsu, Japan)
on the image plane for signal and background subtraction, respec-presence (Figure 4A) and in the absence (Figure 7B) of
tively. Excitation light was coupled to the microscope via a lightresidual Ca21. Although the vesicles that rapidly replen-
guide. Fura-2 measurements of Ca21 concentration were made byished the releasable pool were not effectively released
forming ratios between recordings (100±1000 ms) of fluorescenceby single APWs, it seems likely that their release will
(after background subtraction) at excitation wavelengths of 357 nm
be facilitated by the increase of the intracellular Ca21 (isosbestic) and 380 nm (Grynkiewicz et al., 1985). Rmax and Rmin, the
concentration during a train of action potentials. Indeed, parameters used for calculating Ca21 concentrations, were obtained
from in situ calibrations as described in Helmchen et al. (1997). Ait has been suggested that facilitation of transmitter
value of 273 nM for the Kd of fura-2 measured in situ was takenrelease is important during trains (Takeuchi, 1958; Varela
from Helmchen et al. (1997). Fluorescence signals were filtered atet al., 1997) and facilitation can be uncovered in the
30 Hz (8-pole Bessel filter).MNTB by lowering the extracellular Ca21 concentration
(Barnes-Davies and Forsythe, 1995; Borst et al., 1995).
Data AnalysisTherefore, we suggest an alternative mechanism by
Transmitter release was estimated from the amplitude of the EPSC,
which a synapse maintains release during tetanic stimu- although the current integral (0.2±1 s) gave similar results (e.g.,
lation: the maintained synaptic transmission during te- Figure 6). To get an estimate for the size of the releasable pool, the
amplitudes of the EPSCs evoked by a 100 ms, 300 Hz train oftanic stimulation is due to rapid replenishment of reluc-
identical APW voltage commands (Figure 2) were summed. Individ-tant vesicles into the releasable pool, the release of
ual amplitudes were calculated by measuring the maximal currentwhich is facilitated by the increase in residual Ca21 dur-
difference in the period between two consecutive APWs. The ampli-ing the train.
tudes of the EPSCs evoked after the 15th APW were negligibly small,
suggesting that the pool was effectively depleted within 50 ms. The
currents after the 15th APW could be used to correct the smallExperimental Procedures
(,10%) error in the estimate of the amplitude of evoked EPSCs that
was introduced by the prespike (Figure 2C, arrow), the capacitivelyBrain Slicing and Electrophysiological Measurements
Preparation of slices and simultaneous whole-cell voltage clamp coupled presynaptic APW command. Spontaneous (12±34) EPSCs
were collected during a 20 s period of continuous recordings fromrecordings of presynaptic Ca21 currents and EPSCs were performed
largely as described previously (Borst and Sakmann, 1998b; Wu et the same synapse, aligned by eye and averaged (Figure 2C, inset).
The releasable pool size was estimated by dividing the summedal., 1998). Wistar rats (8±10 days old) were decapitated, and 200
mm parasagittal slices of the auditory brainstem were cut with a amplitude of the EPSC in the train by the amplitude of the averaged
spontaneous EPSC. This estimate was not significantly affected byvibratome. Slices were perfused at room temperature (228C±248C)
with a bath solution containing (in mM): 125 NaCl, 2.5 KCl, 1 MgCl2, vesicle replenishment during the train, because 50 ms after deple-
tion the releasable pool had refilled to only 7% (Figure 5A). A fre-2 CaCl2, 25 dextrose, 1.25 NaH2PO4, 0.4 ascorbic acid, 3 myo-inosi-
tol, 2 sodium pyruvate, 25 NaHCO3 (pH 7.4) when bubbled with 95% quency of 300 Hz was chosen, because at a lower frequency, the
APWs may not be able to deplete the releasable pool before replen-O2, 5% CO2. During voltage clamp recordings, presynaptic Ca21
currents were pharmacologically isolated with a saline containing ishment starts. The value of F in Equation 1 was calculated as the
ratio between the amplitude of the first EPSC and the summed(in mM): 105 NaCl, 20 TEA-Cl, 2.5 KCl, 1 MgCl2, 2 CaCl2, 25 dextrose,
1.25 NaH2PO4, 0.4 ascorbic acid, 3 myo-inositol, 2 sodium pyruvate, amplitude in the train. Throughout the paper, we use F and release
probability interchangeably. Release probability therefore signifies25 NaHCO3, 0.001 tetrodotoxin (TTX) (pH 7.4) when bubbled with
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the probability that a vesicle in the releasable pool is released by potential shape on calcium currents and transmitter release in a
calyx-type synapse of the rat auditory brainstem. Philos. Trans. R.an action potential (waveform).
Soc. Lond. B Biol. Sci. 354, 347±355.When a double APW step protocol was used to study depression
(e.g., Figure 4A), the relative change of F, expressed as the F during Borst, J.G.G., Helmchen, F., and Sakmann, B. (1995). Pre- and post-
the second APW step (F2 5 EPSCAPW2/EPSCstep2) divided by the F synaptic whole-cell recordings in the medial nucleus of the trapezoid
during the first APW step (F1 5 EPSCAPW1/EPSCstep1), was calculated body of the rat. J. Physiol. 489, 825±840.
as: F2/F1 5 (EPSCAPW2/EPSCAPW1)/(EPSCstep2/EPSCstep1) (Equation 2), Charlton, M.P., Smith, S.J., and Zucker, R.S. (1982). Role of presyn-
where the EPSCs represent the amplitude of the EPSCs evoked by aptic calcium ions and channels in synaptic facilitation and depres-
the first or the second APW or step, as denoted by their subscript. sion at the squid giant synapse. J. Physiol. 323, 173±193.
The time of onset of an EPSC was defined as the intersection of
Cuttle, M.F., Tsujimoto, T., Forsythe, I.D., and Takahashi, T. (1998).the average baseline with a line that passed through the points in
Facilitation of the presynaptic calcium current at an auditory syn-
the rising phase where current amplitudes were 10% and 30% of
apse in rat brainstem. J. Physiol. 512, 723±729.
maximal. Onsets were generally presented as the difference from
del Castillo, J., and Katz, B. (1954). Changes in end-plate activitythe control value, which was obtained during the presynaptic voltage
produced by pre-synaptic polarization. J. Physiol. 124, 586±604.step to 0 mV.
Diamond, J.S., and Jahr, C.E. (1995). Asynchronous release of syn-CTZ increased the amplitude of the EPSCs and prolonged their
aptic vesicles determines the time course of the AMPA receptor-decay (Trussell et al., 1993; Yamada and Tang, 1993; Barnes-Davies
mediated EPSC. Neuron 15, 1097±1107.and Forsythe, 1995; Wang and Kaczmarek, 1998) (cf., Figures 4A
and 4D), allowing a more accurate measurement of the 20%±80% Diamond, J.S., and Jahr, C.E. (1997). Transporters buffer synapti-
rise time of the EPSCstep. Most of the spontaneous EPSCs had a cally released glutamate on a submillisecond time scale. J. Neurosci.
17, 4672±4687.rise time of less than 0.2 ms. Since the rise time of the EPSCstep
(Figure 6A) was much longer than that of spontaneous EPSCs Dittman, J.S., and Regehr, W.G. (1998). Calcium dependence and
caused by release of single vesicles and much shorter than the recovery kinetics of presynaptic depression at the climbing fiber to
decay of the spontaneous EPSC (Figure 2C, inset), it could be used Purkinje cell synapse. J. Neurosci. 18, 6147±6162.
to estimate the rate at which the releasable pool is depleted. Forsythe, I.D., Tsujimoto, T., Barnes-Davies, M., Cuttle, M.F., and
Takahashi, T. (1998). Inactivation of presynaptic calcium current
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